ABSTRACT This paper studies simultaneous wireless information and power transfer in full-duplex (FD) two-way relay networks, where two energy-constrained sources are served by a FD multi-antenna powersupply relay. Using FD technique at the relay can cause self-interference (SI) for the signal forwarding, but this SI can be useful for energy harvesting at two sources. To reasonably compress and utilize the SI, we consider a utility optimization problem aiming to maximize the total harvested energy by jointly optimizing the transmit power, the power splitting ratio at the sources and the beamforming matrix at the relay. In specific, we consider two relaying protocols, amplify-and-forward and decode-and-forward. To solve the complex non-convex problem, we decouple the objective problem into two subproblems which can be solved by the proposed semidefinite relaxation technique and the derived constraints activation solution. We show that the optimal solution of certain subproblems can be obtained in the closed-form. By this way, the objective problem can be finally tackled by utilizing a convergence guaranteed alternating optimization algorithm. Numerical results show that the proposed FD scheme achieves significant improvement of the energy harvesting efficiency compared with the existing works with different transmission protocols, i.e., half-duplex, perfect FD, and non-joint FD.
I. INTRODUCTION
In conventional sensor and cooperative networks, the sensor nodes or the relay devices are normally with the limited battery storage. Although replacing and/or recharging batteries periodically can provide a viable option to this problem, it may incur a high cost and not be available due to some physical or economic limitations. Simultaneous wireless information and power transfer (SWIPT) is a promising energy harvesting (EH) technique to prolong the operational time of energy-constrained nodes [1] - [4] . Nevertheless, it is worth pointing out that the existing studies on SWIPT mostly considered half-duplex (HD) radio [5] - [8] , where the node can not receive and transmit data simultaneously in the same frequency band.
All the above works consider HD, which, however, are hard to satisfy the higher spectrum efficiency requirement of the future wireless communications. To evaluate this issue, the authors studied the potentiality of the full-duplex (FD) operation in SWIPT systems [9] - [17] . In [9] and [10] , the authors considered a time switching (TS)-based FD wireless-powered communication network, where a hybrid access-point operates in FD mode with simultaneous information reception and energy transmission. However, the works in [9] and [10] only assumed single transmit/receive antenna at the FD access-point which limits the spectral efficiency. Therefore, in [11] , the authors considered secrecy SWIPT in FD wireless-powered broadcast system, where the FD base station is with multiple antennas. Recently, the SWIPT technique has been extended to K -pair multiple input multiple output (MIMO) interference channels [12] , where the FD transceiver nodes are equipped with multiple transmit and receive antennas, respectively. Besides the above studies related to one-hop transmission, the SWIPT technique has also been studied in FD relay networks [13] - [17] . In [13] , the authors investigated the throughput problem in a dual-hop FD relaying network, where the energy constrained relay node is powered by radio frequency signals from the source node. The authors studied a FD wirelesspowered amplify-and-forward (AF) relaying system in [14] , in which the energy-constrained relay node assists the information transmitted from the source to the destination. The authors investigated the beamforming optimization problem in a wireless-powered FD AF cooperative network [15] , in which the relay node harvests the energy based on the self-energy recycling protocol. In addition, the authors investigated the mean-square-error (MSE) minimization problem in FD MIMO AF systems with a power splitting (PS) receiver [16] . Further more, on the basics of the decode-andforward (DF) relaying strategy, the authors in [17] considered a dual-hop MIMO relay system where the multi-antenna FD relay is powered via wireless energy transmission from the source.
A. MOTIVATION
Most studies of SWIPT in FD wireless relay networks focused on the one-way relay (OWR) [13] - [17] which is not efficient compared to the FD two-way relay (FD-TWR) [18] - [20] . In addition, the authors in [13] - [17] only considered the energy-constrained relay nodes work in the FD mode. Unfortunately, in some end-to-end (e2e) scenarios, the terminals are normally powered by the energy limited batteries. For the sake of correct decoding with the message that sent from the terminals, the transmit powers of the terminals ought to satisfy the minimum requirement, which may cause enormous transmit power usage from the relay (More details will be shown in Section III). Hence, in this paper we consider the maximization of the sum harvested energy for a wireless-powered FD-TWR network with SWIPT, where all nodes are operating in the FD mode. In the considered FD-TWR network, the relay has a reliable power supply, whereas the sources have to harvest energy from the relayemitted radio-frequency (RF) signal via PS operation. 1 Since PS affects both EH and information decoding (ID), the relaying strategy and corresponding PS have a complicated relationship in achieving the allowable maximum sum harvested energy subject to the quality of service constraints. Moreover, with the ubiquitous use of multi-antenna wireless systems, we investigate the potentiality of the MIMO FD operation in the TWR, where the relay is with multiple transmit/receive antennas.
B. RELATED WORKS AND OUR CONTRIBUTIONS
To the best of our knowledge, only a limited number of papers investigated SWIPT in FD-TWR networks such as [21] - [24] . [21] studied TS based wireless powered FD-TWR networks while the [22] did the PS based one. Unfortunately, [21] and [22] did nothing but optimized TS and PS parameters, which only considered single transmit/receive antenna. Reference [23] investigated SWIPT in a three-node MIMO TWR systems, where the FD relay was assumed to equip with multiple antennas. Nevertheless, at the source nodes, the optimization of the transmit power was not considered. The authors in [24] studied the joint transmit power and relay beamforming optimization for SWIPT in FD MIMO TWR systems. However, they only considered to use the simple zero-forcing (ZF) beamformer, which is well known to have worse performance in lower SNR regime. Specially, the suboptimal solution in [24] is finally obtained by utilizing a three-step iterative algorithm with the separated relay beamforming, PS ratio and sources power. In particular, it is worth pointing out that all existing works [21] - [24] are restricted to the energy-constrained relay scenario and only AF relaying strategy was considered. In addition, some closely related research for instance, [18] - [20] , did not consider the EH constraint for its non-convexity. Therefore, the proposed resource allocation and beamforming design is more challenging than the conventional FD-TWR networks. In this paper, we study a PS-based FD-TWR SWIPT system where the received signal at the source is split for ID and EH. In particular, unlike the pure AF and DF strategies, we consider two optimal relaying protocols that included a new signal, which provides more degrees of freedom (DoF) to optimize the power transfer from the relay to the source nodes (as described with more details in the following sections). Besides, unlike the FD-SWIPT studied in [21] - [24] , which suffers from severe self-interference (SI) and requires additional energy consumption at the relay to implement the sophisticated analog and/or digital SI cancellation (SIC) [25] - [27] , in our proposed scheme, the SI is in fact beneficial since it can be reused at the source nodes as the transmitted power. Motivated by these previous studies, in this paper we consider an important utility optimization problem, i.e., maximize the sum harvested energy at the two battery-limited source nodes subject to the constraints of the received signal-to-interference-andnoise ratio (SINR), the PS ratios and the transmit powers. Since in the e2e scenarios, SINR is an important metric to maintain the throughput while maximizing energy transfer of the terminals by the relay. The latter maximizes the operation time of the terminals which is particularly important for the energy-constrained scenarios. To the authors' best knowledge, the joint beamforming, power allocation and PS optimization for the considered system has not been studied in existing works.
The contributions of this paper are summarized as follows:
to be cancelled), but can also utilize the residual SI (RSI) to harvest more energy.
• For two relaying protocols, the formulated optimization problems are nonconvex. To overcome this issue, the primal optimization problem is first decomposed into two subproblems, and then be solved by the semidefinite relaxation technique and the constraints activation criterion.
• The two objective problems can be effectively tackled by the proposed iterative algorithm based on alternating optimization (AO) and with guaranteed monotonic convergence. In each iteration, we give the analytical solutions for the beamforming vectors and the closedform expressions for the resource allocation vectors.
• We conduct intensive simulations to compare the proposed two FD joint design schemes with the four benchmark schemes and clearly show their advantage in improving the EH efficiency.
• By comparing the AF and DF relaying protocols, our results show that the DF protocol with the corresponding FD joint design scheme always yields better EH performance.
C. STRUCTURE AND NOTATIONS
The rest of the paper is organized as follows. In Section II, we describe the wireless-powered FD-TWR system model and propose the PS-based SWIPT protocol. In Section III, with two relaying strategies, we provide the signal model and formulate the sum harvested energy maximization problem, respectively. In Section IV, we decouple the primal problems into two subproblems, and propose a two-step alternating algorithm to obtain the final solution. In Section V, we introduce the four benchmark schemes. In Section VI, numerical simulation results are presented. Section VII concludes the paper. Notations: Boldface lowercase and uppercase letters denote vectors and matrices, respectively. For a square matrix A, A T , A * , A H , Tr(A), Rank(A), det(A) and ||A|| denote its transpose, conjugate, conjugate transpose, trace, rank, determinant, and Frobenius norm, respectively. A 0 indicates that A is a positive semidefinite matrix. vec(A) denotes the vectorization operation by stacking the columns of A into a single vector a. E(·) denotes the statistical expectation.
⊗ denotes the Kronecker product. ⊕ denotes the XOR operator. 0 and I denote the zero and identity matrix, respectively. The distribution of a circular symmetric complex Gaussian vector with mean vector x and covariance matrix is denoted by CN (x, ). C x×y stands for an x × y complex matrices.
II. SYSTEM MODEL
Consider a wireless-powered FD-TWR system consisting of two sources S 1 , S 2 , where the information can be exchanged via a multi-antenna relay node R. Specifically, the two source nodes are powered by the energy limited batteries, i.e., the individual initial powers at sources could only support their circuitry power consumption. Moreover, these initial powers also need to replenish the energy at the sources by wireless power transfers from the power-supply relay, as shown in Fig. 1 . We further assume that each source node is equipped with two antennas, in which, one is used for the signal transmission and the other one is for the reception, while the relay node has M transmit antennas and N receive antennas. 2 The channel vectors from S 1 , S 2 to the relay and from the relay to S 1 , S 2 are denoted by h 1 , h 2 , g 1 and g 2 , respectively. Moreover, h 11 , h 22 and H RR denote the SI channel at the corresponding nodes. All nodes operate in the FD mode, i.e., in one phase of duration T , two source nodes S 1 and S 2 deliver their information to the relay node R, and concurrently, the received signal at R is processed by the aforementioned relaying strategies and then forwarded to the source nodes. For simplicity, we assume that two source nodes cannot communicate with each other directly due to large path loss and/or heavy shadowing [6] - [8] , [13] - [24] . It is also assumed that all the channels are block-fading [6] , [8] , [15] , [17] , [18] and the global channel state information (CSI) is available [13] - [15] , [18] - [20] . 3 In addition, we assume that the EH and information transfer are carried out for every received block without any constraints on the minimum power level of the received signals [6] , [15] .
With these assumptions, in the k-th time slot, the received signal y R [k] at the relay can be expressed as (1) where x i [k], for i ∈ {1, 2}, represents the transmit signal from node S i with the power constraint of E(|x i [k]| 2 ) = P i , and
denotes the additive white Gaussian noise (AWGN). Denote the data symbol vector transmitted from the relay node is x R [k], for different relaying strategies, which results in the following forms:
where W and τ represents the precoding matrix and the processing time at the relay, respectively. s i [k − τ ] denotes the decoded bit sequence from S i , for i ∈ {1, 2}. 4 It is worth noting that, during the first time slot, the relay operates in the HD mode since there is no symbol to be transmitted. Different from the conventional AF and DF protocols, a new signal x[k] is also serving as the part of the transmission. If the optimal solution x[k] = 0, the corresponding optimal relay strategy in our considered network is essentially equivalent to the pure TWR. On the other hand, if the optimal solution x[k] = 0, it provides more DoF to optimize the power transfer from the relay to the source nodes. Therefore, the received signals at node S i are given bŷ
denote the signals in the RF band, and
) represents the AWGN at the S i . Compared to the HD-TWR [5] - [8] , the proposed design will suffer from SI, which is beneficial since the interference can be used to harvest more energy [14] , [15] (as described with more details in the following sections).
As shown in Fig. 2 , we propose a one-phase PS-based SWIPT protocol for the FD-TWR system with batterylimited source nodes. Assuming a PS ratio, ρ ∈ (0, 1), the received signalŷ i [k] is split into two portions for EH and ID. The proposed protocols are described in more details in Section III.
III. PROBLEM FORMULATIONS
In this section, we provide the signal model and formulate the sum harvested energy maximization problems for different relaying scenarios.
A. FD-TWR WITH AF
For the AF protocol, after SIC (such as time domain or spatial suppression or both of them), 5 (2) can be rewritten as
wherex R [k − τ ] is RSI at the relay. The transmit power at the relay node is given as P R , i.e. Tr(E(
5 SIC algorithms design is out of the scope of this paper.
where
, respectively. Similar to MIMO FD-TWR scenario [20] , the RSI is treated as additional relay input Gaussian noise withQ x,R ∼ CN (0, P R M I M ). Therefore, (5) can be reformed as
By substituting (4) into (3), we have
is used for EH. As a result, the harvested energy is given by [5] - [8] , [17] 6
where i = 2 if i = 1 and i = 1 if i = 2, and, η i ∈ (0, 1) is a constant denoting the energy conversion efficiency for node S i . Note that, different from the harvested energy in the HD-TWR [5] - [8] , the third and the fifth terms in (7) are the SI which can be reused as the transmitted power at the source nodes. Concurrently,
is used for ID. As a result, after converting the received signal into the baseband and performing SIC, the received signal can be finally expressed as
Here, the first term of the right hand side in (10) is the desired signal. The second and forth terms indicate the RSI from the relay and the source with E(
The third term is the additional signal. The fifth and the sixth terms are the effective noise at R and S i . And the last term is the AWGN with CN (0, σ 2 i,c ), which is introduced by the signal conversion from RF band to baseband. Accordingly, the received SINR at the source node is denoted as
It can be seen that the FD-TWR deteriorates the instantaneous SINR at the sources, because the denominator of (11) contains the RSI terms of i and i .
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As a result, the objective sum harvested energy maximization problem is shown as
In (12), γ i and P max,i are the minimum SINR requirement and the maximum transmit power constraint, respectively.
B. FD-TWR WITH DF
For the DF protocol, the signal transmitted at the relay can be reexpressed as
with the fixed transmit power P R as
Substituting (13) into (3) and
is used for EH, similar to (7), the harvested energy E i is given as [5] - [8] , [17] 
Moreover, after baseband conversion and SIC, the obtained signal at the source node is denoted as
Subsequently, the SINR at the node S i can be determined as
Compared to the AF protocol, the DF protocol in (15) and (17) only consists of SI ( i ) because it is assumed that the relay node can decode the messages from the source nodes, successfully. Therefore, the transmit powers P 1 and P 2 should be satisfied with the following rate region constraints
,
whereR i andP i are the transmit rates and the minimum transmit powers at the source nodes S i , for i ∈ {1, 2}, respectively.
As a result, the sum harvested energy maximization problem can be formulated as
Different from the problem (12), P 1 and P 2 should satisfy the minimum transmit power constraints.
In Section IV, we will devote to solving the optimization problems (12) and (19), respectively.
IV. OPTIMAL RESOURCE ALLOCATION AND BEAMFORMING DESIGN
The problem (12) is nonconvex. Since that the variables {W, Q x } and {P 1 , P 2 , ρ} are coupled and all the quadratic terms involving W, it is difficult to obtain the globally optimal solution. Our goal is to tackle this nonconvex problem by using the AO approach [18] , [19] , [31] , i.e., each subset of variables {W, Q x } and {P 1 , P 2 , ρ} can be successively optimized in turn with the other fixed subset. More specifically, in the first step, with fixed {P 1 , P 2 , ρ}, the resulting beamforming optimization problem reduces to a nonconvex problem with a rank-one constraint, and then be efficiently solved by using the semidefinite relaxation technique. Secondly, with the obtained {W, Q x }, based on the use of constraints activation criterion, the subproblem can be reformulated as some simplier problems which can be solved efficiently. Although this two-step optimization problem requires a joint optimization {W, Q x } and {P 1 , P 2 , ρ} in the optimal scheme, we will show that the local optimal solution is finally obtained with the proposed convergent AO algorithm. Similarly, we decouple the problem (19) into two subproblems. Details are given as follows.
Proposition 1: With fixed P 1 , P 2 and ρ, the problem (12) can be recast into the following version by introducing a new variableW ww H with w = vec(W)
It is easy to see that the problem (20) is still difficult to be solved due to the rank-one constraint. Therefore, we construct a semidefinite programming (SDP) problem as follows
It is noted that if the optimal solutionW is rank-one, then the relaxed problem (21) is equivalent to the original problem (20) . Fortunately, we have the following lemma. Lemma 1: In the optimization problem (21), the optimal solution ofW must be rank-one.
Proof: Suppose that the optimal solution of (21) is
It is easy to verify thatW * is an optimal solution of the SDP problem with Q * x [8] . Note that, here, the optimal solutionW * with the corresponding SDP problem only has three constraints for activation. Hence, based on Lemma 3.1 in [32] ,W * satisfying (Rank(W * )) 2 ≤ 3, i.e., Rank(W * ) = 1. That is the optimal solutionW of (21) must be rank-one.
By acquiring the optimal rank-one solution of (21), we can get the optimal {W, Q x } of (12) by using eigenvalue decomposition (EVD).
2) OPTIMIZATION OF SOURCE POWERS AND PS RATIO (P 1 , P 2 , ρ) Proposition 2: With fixed W and Q x , the problem (12) can be reformulated into the following form
Note that, with fixed W and Q x , by combining Proposition 1 and (12), the form of optimizing variables P 1 , P 2 and ρ can be easily proved. Problem (22) is still quite complicated as variables {P 1 , P 2 } and {ρ} are coupled. To solve problem (22), we give the following theorem.
Theorem 1: The optimal solution of problem (22) can be obtained in the following two cases:
• When the constraints (22b) and (22e) or (22c) and (22e) are with equality, the optimal P * 1 , P * 2 and ρ * can be given by
• When the constraints (22b) and (22f) or (22c) and (22f) are with equality, the optimal P * 1 , P * 2 and ρ * can be denoted as
We compare the objective function values by substituting (23) and (24) into (22a) and select one with the higher objective function value as the optimal solution.
3) THE AO ALGORITHM
By combining the solution processes in steps 1) and 2), the optimal design for AF protocol in FD-TWR SWIPT network can be achieved. The basic idea is that the subproblems (20) and (22) are solved in turn to reach the solution of the primal problem (12) . For clarity, the detailed procedure of the AO algorithm is listed in Table 1 .
Lemma 2: Convergence of the proposed AO algorithm listed in Table 1 , ρ m−1 } by CVX [33] . Since this subproblem is optimally solved, the objective value should monotonically nondecreasing for this step. Because of that, if the objective value decreases, the optimal solutions of {W m−1 , Q m−1 x } do not change.
Next, by substituting (23) and (24) into (22a) to acquire
The same as the previous step, the objective value should not monotonically decrease. Thus, the whole AO procedure will produce a monotonically nondecreasing sequence of objective values. In addition, the constraints of two subproblems are bounded which leads the objective value bounded too. The monotonicity and boundedness guarantee that the AO algorithm converges [19] , [34] .
Proposition 3: With fixed P 1 , P 2 and ρ, the problem (19) can be reformulated as max
The detailed proof is omitted due to it is similar to Proposition 1.
It is easy to verify that (25) is a standard SDP problem. Thus, its optimal solution {Q * s , Q * x } can be easily obtained using existing software, e.g., CVX [33] .
2) OPTIMIZATION OF SOURCE POWERS AND PS RATIO (P 1 , P 2 , ρ) Proposition 4: With fixed Q s and Q x , the corresponding optimization problem can be rewritten into the following forms
where To solve problem (26) , the following theorem is given.
Theorem 2:
The optimal solution {P * 1 , P * 2 , ρ * } of problem (26) can be obtained as the following four cases:
• When (26b) and (26c) are with equality, the optimal {P * 1 , P * 2 , ρ * } are given by
• When (26b) and (26e) are with equality, the optimal {P * 1 , P * 2 , ρ * } can be written in the forms as
• When (26c) and (26d) are with equality, the optimal {P * 1 , P * 2 , ρ * } can be solved as
• When (26d) and (26e) are with equality, the optimal {P * 1 , P * 2 , ρ * } are given as
Proof: Please refer to Appendix C.
3) THE AO ALGORITHM
Based on Lemma 2, since the closed-form solutions of subproblems (25) and (26) can be obtained separately at each iteration, the optimal solution of {Q s , Q x } and {P 1 , P 2 , ρ} can be solved iteratively as above steps 1) and 2) until convergence. Table 2 shown summarizes the proposed AO algorithm to the problem (19) .
V. BENCHMARK SCHEMES
In this section, we introduce four benchmark schemes with that the proposed FD schemes can be compared. The first one is the conventional two-phase HD-TWR scheme, which is known to outperform the three-phase and four-phase VOLUME 5, 2017 HD schemes with the improvement the spectral efficiency; the second one is the perfect FD scheme, which ignores the RSI at the relay to provide a performance bound for evaluating the proposed algorithms; the last two are the non-joint FD schemes, i.e., only precoding scheme and only resource allocation scheme.
A. THE TWO-PHASE HD SCHEME HD-TWR radio is introduced in [7] and [8] which employs two phases to complete the information exchange between source nodes S 1 and S 2 . In the first phase of duration T /2, S 1 and S 2 deliver their information to the relay node R. In the second phase with the remaining time duration T /2, the received information signal at R is processed by the aforementioned relaying strategy and then forwarded to the source nodes. Since the HD scheme has not been affected by some SI, for the AF and DF protocols, the relay power consumption, the achievable SINR and the harvested energy for sources are given by
and
Compared with the HD scheme, the proposed FD schemes can reduce the total communication phases, which has the potential to harvest more energy during the all time slot T . Besides, the partial SI can also be reused for EH.
B. THE PERFECT FD SCHEME
This scheme is with the same protocol to the proposed FD scheme but without RSI at the relay, i.e.,x R [k − τ ] = 0. Remarkable, this scheme consider the perfect radio SIC, even it is not a practical scheme but provides a useful bound to evaluate the performance of the proposed algorithms. Hence, for the AF protocol, the relay transmit power, the achievable SINR and the harvested energy for sources, are respectively given by
. (33) Compared with the AF protocol, the DF protocol in (13) assumed that the relay node can decode the messages from the source nodes successfully, so the DF-based perfect FD scheme can be regard as the proposed FD scheme.
C. THE NON-JOINT FD SCHEME
In this subsection, the two non-joint optimization schemes are considered, i.e., only precoding scheme and only resource allocation scheme, which are useful to evaluate the performances of the proposed joint FD schemes. For the only precoding scheme, because the sources transmit power and PS ratio {P 1 , P 2 , ρ} are fixed, so only the beamforming vectors {W, Q x } or {Q s , Q x } need to be optimized. For only resource allocation scheme, besides above the considerations of {P 1 , P 2 , ρ}, the beamforming matrixes are set to be identity matrices.
In the simulation results, we will label the above four benchmark schemes as ''Two-phase HD", ''Proposed perfect FD", ''Only precoding" and ''Only resource allocation", respectively.
VI. SIMULATION RESULTS
In this section, extensive numerical results for the sum harvested energy of FD-TWR scheme are presented and validated via Monte Carlo simulations [35] , [36] .
A. SIMULATION SETUP
In the simulations, all the channel entries are independently generated from i.i.d. Rayleigh fading with the respective average power values. The channel gain is modeled by the distance path loss model [37] , given as g i,j = c · d
where c is an attenuation constant set as 1, n is the path loss exponent with a fixed value as 3, and d i,j denotes the distance between nodes i and j. We further assume that both S 1 and S 2 have the same distance to R, i.e., d R,S 1 = d R,S 2 = 10 m. The per-node noise power for both sources and the relay is normalized to one, i.e., σ 2 i,c = σ 2 i,d = σ 2 R = 1 W, and the energy conversion efficiency at the source nodes are set as η 1 = η 2 = 0.5. Unless otherwise specified, we assume that the transmit power constraint at S i is P max,1 = P max,2 = 1.25 W (1dB), and the number of antennas at R is N = M = 4. Moreover, the results given in the following are obtained by using 1000 independent channel realizations. Fig. 3(a) , for the AF protocol, compares the performance of the proposed FD scheme on the sum harvested energy with the two-phase HD scheme and the perfect FD scheme when P max,1 = P max,2 = 5 dB (solid curves) and P max,1 = P max,2 = 1 dB (dashed curves), respectively. First consider the case P max,1 = P max,2 = 1 dB. As expected, the sum harvested energy improves as the relay transmit SNR increasing and the proposed FD scheme obvious outperforms the two benchmark schemes. The main reason is that the proposed FD scheme can harvest energy on the total communication phases and the partial SI can be reused for EH. The same trend is observed when P max,1 = P max,2 = 5 dB. However, in this case, it is clear that when the maximum transmit power is high, the three schemes all can harvest more energy. This is because they can always use the maximum available transmit power to improve the sum harvested energy for the increased relay transmit SNR.
B. PERFORMANCE OF THE PROPOSED ALGORITHM
For the DF protocol, the similar comparison results can be observed as in Fig. 3(b) . Nevertheless, different from the AF protocol, the sum harvested energy does not improve for the two-phase HD scheme as the maximum source transmit power increasing. The main reason is that, unlike the AF protocol, the DF protocol in (32) assumed that the relay node can decode the messages from the source nodes successfully, i.e., since the source transmit power has no effect on the EH, increasing the power budget of the source nodes does not necessarily improve the performance for the two-phase HD scheme.
We then compare the performance of the proposed FD scheme with the other two non-joint FD schemes, i.e., only precoding scheme and only resource allocation scheme, respectively. From simulation results illustrated in Fig. 4(a) , when P max,1 = P max,2 = 1 dB, it can be seen that the proposed FD scheme achieves the best performance due to the joint design of DoF of both the source power, PS ratio allocation and the relay precoding. Besides, for the only resource allocation scheme, another interesting observation is that the sum harvested energy steady increases as the relay transmit SNR increasing when {P 1 , P 2 , ρ} and {W, Q x } are fixed. The main reason is that the SI can be reused as the transmitted power at the source nodes, therefore, the RSI at the relay has much effects on the EH. When P max,1 = P max,2 = 5 dB, the same trend can be observed and the three schemes achieve better EH efficiency. For the DF protocol, the similar observations can be acquired as in Fig. 4(b) . However, for the only resource allocation scheme, the sum harvested energy is not improved for the increased relay transmit SNR. This is because that there is no RSI at the relay, although there is the RSI at the two sources. Moreover, Fig. 4 also shows that the only precoding scheme improves the system performance and performs better than the only resource allocation scheme. In addition, from simulation results illustrated in Fig. 3 and 4, the DF protocol clearly outperforms the AF protocol. This indicates that DF protocol has a higher EH efficiency due to the assumption that the relay has enough processing ability to correctly decode the received signals.
C. IMPACT OF THE SUM HARVESTED ENERGY
First consider the impact of the source transmit SNR on the sum harvested energy when P R = 10 dB (solid curves) and FIGURE 6. The effect of the number of the relay antennas on the sum harvested energy at P max,1 = P max,2 = 1dB. (a) AF protocol. (b) DF protocol. Solid curves are for P R = 10 dB while dashed curves are for P R = 5 dB. P R = 5 dB (dashed curves), respectively. For the AF protocol, when P R = 5 dB, the sum harvested energy performance is shown in Fig. 5(a) . It is seen that the proposed FD scheme still achieves significant performance gain over the other four benchmark schemes. However, when the maximum source SNR is over 3 dB, the sum harvested energy of the proposed FD scheme saturates. This is because unlike the non-joint FD schemes, the relay power constraint make the sources need to adjust its transmit power rather than using full power. When P R = 10 dB, the same trend can be observed and the considered schemes all achieve better performance gain. Moreover, for the DF protocol, the similar observations can be made as in Fig. 5(b) . However, different from the AF protocol, the sum harvested energy steady increases as the maximum source transmit SNR increases for the proposed FD scheme. This is because it can ignore the relay constrain and harvest the energy from the RSI at the sources.
Next, the impact of the number of antennas at relay on the sum harvested energy is evaluated in Fig. 6 . From simulation results, when the number of antennas (N = M ) varies from 2 to 8, the sum harvested energy steadily increases for all schemes. This demonstrates the significant benefit by applying a large number of antennas arrays at the relay for efficiently prolonging the operational time of the wirelesspowered FD-TWR systems.
VII. CONCLUSIONS
In this paper, we have investigated applying the FD operation in wireless powered TWR networks, which requires only one-phase for the two sources to exchange information and harvest energy through the relay node by SWIPT. For the considered two practical TWR strategies, the sum harvested energy was maximized by optimizing the relay beamforming matrix and the resource allocation at the sources. The AO-based iterative algorithms were proposed to find the local optimal solutions by decoupling the primal problem into two subproblems. At each iteration, either convex formulation or analytical solution is able to be obtained. Intensive simulations results illustrated the impact of different system parameters, and showed that the proposed FD joint design scheme significantly improves the sum harvested energy over the conventional two-phase HD scheme and the non-joint FD scheme.
APPENDIX A PROOF OF PROPOSITION 1
Note that when fixing P 1 , P 2 and ρ, the problem (12) can be rewrite into the following forms
+ η 2 ρ(|g
Then, problem (34) can be equivalently rewritten as
in which
By defining w = vec(W) andW ww H , then use the identity of
the problem (35) results in
With the same assumption of A 1 , B 1 , C i 1 , D i 1 , E i 1 , and F 1 in (20), the problem (45) can be re-expressed as
The proof of Proposition 1 is completed.
APPENDIX B PROOF OF THEOREM 1
In order to complete the proof, we first show that for any given P 1 , P 2 and ρ, the objective function of problem (22) is a strictly increasing function. Letting f as the objective function of problem (22) , accordingly, we obtain the first-order partial derivative of f with respect to P 1 , P 2 and ρ ∂f
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According to (22) , due to the fact of
Hence, the objective function f is strictly increasing with respect to P 1 , P 2 and ρ.
Next, we prove the optimal solutions ρ * , P * 1 and P * 2 must satisfy the constraint (22b) or (22c), (22b) or (22e) and (22c) or (22f) with equality, respectively. This can be proved by contradiction. Firstly, suppose ρ is an optimal solution of problem (22) , and it satisfies that ρ < ρ * , where ρ * denotes a feasible solution with the constraint (22b) or (22c) with equality. For any given P 1 and P 2 , due to the objective function f given in problem (22) is a monotonic increasing function with respect to ρ, it is easy to verify that the value of f corresponding to ρ * is larger than the one to ρ . This contradicts to our presumption. Secondly, suppose {P 1 , P 2 } is an optimal transmit powers of problem (22) , and they satisfy P 1 < P * 1 and P 2 < P * 2 , where P * 1 and P * 2 denote a feasible solution with the constraints (22b) or (22e) and (22c) or (22f) with equality, respectively. Similarly, we can easily proved the assumption also does not hold based on that the objective function f is a strictly increasing function with respect to P 1 and P 2 , respectively. With these observations, we conclude that the optimal solution {P * 1 , P * 2 , ρ * } must satisfies SINR or transmit power constraint with equality.
Moreover, given the optimal solution {P * 1 , P * 2 , ρ * }, we can prove that at least two constraints of problem (22) are achieved with equality. This can be proved by contradiction. First, suppose that the optimal solution {P * 1 , P * 2 , ρ * } can be obtained when only the constraint (22e) with equality. In this case, we can easily find another solution of ρ for (22) ,ρ * , satisfying the constraint (22b) or (22c) with equality. For given P * 1 and P * 2 , due to the objective function f is a monotonic increasing function with respect to ρ, it is easy to verify that the value of f corresponding toρ * is larger than the one to ρ * . Hence, this assumption is not true. Similarly, for all the other assumptions where only the one constraint holds with equality, we can easily prove these assumptions cannot be true too. Combining the above two parts, the optimal solution {P * 1 , P * 2 , ρ * } of problem (22) can be obtained as the following six cases, in which at least two constraints are achieved with equality. However, in the six cases, it can be seen that the constraint (22d) makes the combinations (22b) and (22c), (22e) and (22f) are not active, so the two cases can be removed. Besides, for the optimal solution {P * 1 , P * 2 , ρ * }, the cases {(22b), (22e)} and {(22c), (22e)}, {(22b), (22f)} and {(22c), (22f)} can be combined into one, respectively. Therefore, in conclusion, the optimal solution {P * 1 , P * 2 , ρ * } of problem (22) is able to be obtained in closed-form by comparing following two cases.
When the constraints (22b) and (22e) or (22c) and (22e) are with equality, we first get
Then, based on (48) and (49), the problem (22) can be simplified as
Due to the fact that the objective function of problem (50) is strictly increasing with respect to ρ * , which leads to the conclusion that the constraints (22b) or (22c) with equality. Therefore, the optimal solution ρ * of problem (50) can be derived as
Thus, according to (48), (49) and (51), we have the optimal solution as shown in (23) . Similarly, when the constraints (22b) and (22f) or (22c) and (22f) are with equality, we have
Hence, the problem (22) can be equivalently rewritten as
As a result, the optimal solution ρ * of problem (54) can be shown as
Therefore, based on (52), (53) and (55), we obtain the optimal solution given in (24) . Combining the above two parts, the proof of Theorem 1 is thus completed.
APPENDIX C PROOF OF THEOREM 2
First, similar to Theorem 1, we can prove the objective function of problem (26) is an increasing function with respect to P 1 , P 2 and ρ, respectively. Hence, the optimal solutions (P * 1 ), P * 2 and ρ * must satisfy the constraints (26b) or (26d), (26c) or (26e) and (26b) or (26c) with equality, respectively. Combining the above three parts, the optimal solution {P * 1 , P * 2 , ρ * } of problem (26) can be obtained as the following six cases. However, when the constraints (26b) and (26d) are with equality, if we want to increase the objective function value of problem (26) , the transmit power solution P 2 will increases, which leads to the conclusion that the constraint (26c) or (26e) with equality. Hence, this combination is included in (26c) and (26d) or (26d) and (26e) so that this case is negligible. Similarly, the constraints (26c) and (26e) combination will also be removed since this case was contained in (26b) and (26e) or (26d) and (26e). With these observations, the optimal solution {P * 1 , P * 2 , ρ * } of problem (26) can be obtained in the following four cases.
When the constraints (26b) and (26c) are with equality, we obtain the following two equations
By substituting (56) into (26a), the problem (26) 
where c 1 and c 2 are defined as in (27) . Then, the objective function f (ρ * ) of (57) is further equivalent to
According to (26) and (27) , due to the fact that E 4 J 4 > 0, c 1 < 0 and c 1 + c 2 < 0, we have < 0. Hence, the optimal solution ρ * of problem (57) can be derived as [8] 
We thus obtain the optimal solution given in (27) . When the constraints (26b) and (26e) are with equality, we get the following two equations
, P * 2 = P max,2 .
Then, the problem (26) can be simplified as max 
where d 1 and d 2 as the same in (28) . Similarly, the objective function f (ρ * ) of (61) can be equivalently rewritten as < 0. Thus, the optimal solution ρ * of problem (61) can be obtained as [8] 
Hence, we have the optimal solution in (28) . When the constraints (26c) and (26d) are with equality, we have
By substituting (64) into (26a), the problem (26) 
where e 1 and e 2 are defined as in (29) . Then, the objective function f (ρ * ) of (65) can be rewritten as f (ρ * ) = e 1 (1 − ρ * ) J 4 + e 1 + e 2 J 4 (1 − ρ * ) − 2e 1 + e 2 J 4 .
According to (26) and (29) , due to the fact that J 4 > 0, e 1 < 0 and e 1 +e 2 < 0, we have 
Therefore, based on (64) and (67), we arrive at (29) . When the constraints (26d) and (26e) are with equality, we get P * 1 = P max,1 , P * 2 = P max,2 .
Then, the problem (26) can be equivalently rewritten as (69) VOLUME 5, 2017 Due to the fact that the objective function of problem (69) is a strictly increasing with respect to ρ. Thus, the optimal solution ρ * of problem (69) can be derived as
Thus, we obtain the optimal solution given in (30) . This completes the proof.
